The pattern of epidemic meningococcal disease in the African meningitis belt may be influenced by the background level of population immunity but this has been measured infrequently. A standardised enzyme-linked immunosorbent assay (ELISA) for measuring meningococcal serogroup A IgG antibodies was established at five centres within the meningitis belt. Antibody concentrations were then measured in 3930 individuals stratified by age and residence from six countries. Seroprevalence by age was used in a catalytic model to determine the force of infection. Meningococcal serogroup A IgG antibody concentrations were high in each country but showed heterogeneity across the meningitis belt. The geometric mean concentration (GMC) was highest in Ghana (9.09 μg/mL [95% CI 8.29, 9.97]) and lowest in Ethiopia (1.43 μg/mL [95% CI 1.31, 1.57]) on the margins of the belt. The force of infection was lowest in Ethiopia (λ = 0.028). Variables associated with a concentration above the putative protective level of 2 μg/mL were age, urban residence and a history of recent vaccination with a meningococcal vaccine. Prior to vaccination with the serogroup A meningococcal conjugate vaccine, meningococcal serogroup A IgG antibody concentrations were high across the African meningitis belt and yet the region remained susceptible to epidemics.
Introduction
Epidemics of meningococcal disease have occurred at irregular intervals across the Sahelian and sub-Sahelian regions of Africa, the African meningitis belt, for over 100 years. [1] However, despite many years of research it is still not known why epidemics occur at a particular place at any specific time. An important factor is likely to be the background level of immunity of the population when faced with a potentially epidemic strain. It is known that protective immunity to Neisseria meningitidis can be induced by meningococcal carriage, [2] infection with other non-pathogenic Neisseria species, such as N. lactamica [3] and possibly by other bacteria. [4, 5] There is also some evidence that background immunity may be impaired with infection by other bacteria that induce blocking antibodies. [6] The immune response to meningococcal polysaccharide and conjugate vaccines has been studied in the African meningitis belt [7] [8] [9] [10] on several occasions but there have been few studies of population levels of antibody to N. meningitidis in the African meningitis belt. [11, 12] Therefore, we have undertaken a study of community levels of serogroup-specific IgG antibody to N. meningitidis serogroup A (NmA) in six countries in the African meningitis belt before the introduction of the serogroup A conjugate vaccine, MenAfriVac™, to investigate heterogeneity in the level of exposure across the meningitis belt and to use age specific antibody titres to measure the force of infection. [13] To ensure that patterns of antibody could be compared across sites, we implemented standardised methods supported by careful quality control.
Materials and Methods

Study population
Cross-sectional meningococcal carriage surveys were conducted in seven countries across the meningitis belt during the period July 1 st 2010 to July 31 st 2012 as described previously. [14] Ethical approval for the study was obtained from the London School of Hygiene & Tropical Medicine and from an appropriate committee from each African centre. Written, informed consent for study participation was obtained from adults and for the children under their care. Written informed assent was also obtained from participants aged 12 years or more. Oral assent was obtained from younger children. Subjects were selected randomly from within populations which were part of a routine demographic survey system (DHSS) or in which a census had been performed recently. The study population was recruited from urban and rural populations and stratified into four age groups: < 5 years, 5-14 years, 15-29 years and 30 years or older.
Subjects were asked if they had received a meningitis vaccine in the previous six months. Approximately a year before the survey, a vaccination campaign with an A + C polysaccharide vaccine had been conducted in the study area in Senegal and also in part of the urban study area in Niger. [15] None of the study populations had been vaccinated with MenAfriVac™ at the time of the survey.
Blood samples were collected from the first 100 subjects surveyed within each of the four age bands in both urban and rural study sites, giving an overall target of 800 samples per country. This target was achieved, or nearly achieved, except in Senegal where there was some resistance to the collection of blood samples. A 5 mL sample was collected, serum separated within six hours of collection and then stored at -20°C until assayed.
Enzyme Linked Immuno-Sorbent Antibody (ELISA) assay
An internationally standardised ELISA, as used at the Vaccine Evaluation Unit (VEU), Public Health England, Manchester, UK was transferred to each of the MenAfriCar centres. Concentrations of IgG antibody against N. meningitidis serogroup A polysaccharide were obtained through a classical sandwich assay ELISA as described previously, [16] except that the standard reference serum CDC1992 was used as the quantification reference and that a monoclonal-PAN anti-human IgG Fc labelled with horseradish peroxidase (HRP)(Hybridoma Reagent Laboratory, Baltimore, MD) was used as conjugate. The lower limit of quantification (LLQ) of the meningococcal serogroup A ELISA was 0.19 μg/mL. Any value lower than the LLQ was assigned a value of 0.095 μg/mL for computational purposes.
Standardisation of the assay and quality control 
Statistical methods
Pearson's correlation coefficient (ρ) was used to compare the results produced at the VEU and by each centre during the validation exercise. The acceptance criterion for passing the crossvalidation test was ρ greater than or equal to 0.9. In addition, Lin's concordance coefficient of correlation, (ρC), which evaluates the degree to which pairs of observations fall on the 45°line through the origin and which provides a measure of both precision and accuracy of an assay was used. [17] For analysis of the results from samples obtained during the cross-sectional surveys, geometric mean antibody concentrations (GMCs) were calculated and the percentage of samples reaching the putative protective threshold of 2 μg/mL, [18] together with 95% confidence intervals, was determined. Results by country were analysed graphically using reverse cumulative distribution plots. GMCs were compared by urban /rural residence and by sex in each country using a t-test. Risk factors for seropositivity (i.e. antibody concentration 2 μg/mL) were investigated using logistic regression. A multivariable logistic regression model was developed as follows: all variables with a p-value <0.1 in univariable analyses were included initially, then any variable with p-value <0.05 in the multivariable model was retained, with excluded variables re-entered one by one. If any of the re-entered variables had a p-value <0.05, they were retained in the final model. Because the survey was designed with the household as the primary sampling unit, and to account for potential household clustering, we used the survey commands in Stata (StataCorp, Texas).
Seroprevalence was stratified into yearly age groups and then analysed using a reverse catalytic modelling approach under a binomial sampling assumption, as described elsewhere. [13] Two key parameters were estimated using this approach (1) the seroconversion rate (SCR), i.e. the annual rate at which individuals change from seronegative to seropositive, also known as the force of infection (λ) and (2) the seroreversion rate, the annual rate at which seropositive individuals revert to a seronegative state (SRR or r). The catalytic model was fitted using a maximum likelihood approach. Analyses were repeated, excluding individuals who reported recent vaccination to estimate 'natural' immunity.
All analyses were performed using Stata v12.0.
Ethics
The purpose and methods of the study were explained to community leaders at community meetings and through the media. Written, informed consent for obtaining a pharyngeal swab and a blood sample was obtained from adults and for the children under their care. Written informed assent was also obtained from participants aged 12 years or more. Oral assent was obtained from younger children. Consent and assent forms were translated into the relevant local language. The study protocols, consent and assent forms were approved by the LSHTM Ethics Committee and by the ethics committees of each of the African partner institutions with the exception of Chad, which does not have a formal ethical committee, and where approval for the activities of the consortium was granted by a committee set up to oversee MenAfriCar studies by the Ministry of Health.
Results
Cross-validation
Although the cross-validation exercise required several rounds of testing, five centres finally achieved excellent results with Pearson correlation values (ρ) between 0.926 and 0.996 (Table 1) Footnote * Two sets of validation samples were used for Mali because the correlation co-efficient from the first 50 samples did not reach the required threshold of 0.9. The second set of samples was selected from a set tested at the VEU which gave consistent results when tested in Manchester, UK.
cumulative plot in Fig 1. There were significant differences GMC by country with Ghana having the highest mean GMC and Ethiopia the lowest ( Table 2 ). The GMC increased with age in all countries with the exception of Senegal where there was a drop in GMC in those over 30 years of age (Table 3 ). This was less apparent when subjects with a history of recent vaccination were excluded. In four countries, no differences in GMCs by sex were observed (Ethiopia, Niger, Nigeria, Senegal, p>0.2 in each country); in Ghana and Senegal GMCs were higher in females compared to males (p = 0.0002 and p = 0.0203, respectively). A comparison was made in each country between GMCs according to whether the study site was urban or rural and by the sex of the participant. In five countries, NmA-specific IgG GMCs were higher in urban than in rural areas (p<0.0001 for Ethiopia, Ghana, Mali and Niger, p = 0.0012 for Senegal); in Nigeria, GMC was higher in the rural study site (p = 0.0123).
Factors associated with NmA-specific IgG concentrations above the putative protective threshold of 2μg/ml are shown in Table 4 . The multivariable model included the following factors shown to be associated with a higher odds of seropositivity in addition to observed country-level differences: urban location, increasing age and reported receipt of a meningitis vaccine which is likely to have contained the serogroup A polysaccharide. Current carriage of meningococci or other Neisseria species were not associated with seropositivity in the multivariable model.
The influence of age on the putative protective threshold of 2 μg/mL is further shown by country in Figs 2 and 3 .
Force of infection
The force of infection was calculated based on the age prevalence of seropositivity as described above. Unexpectedly, this was highest in Senegal, even when subjects with a recent history of vaccination were excluded, followed by Ghana and Niger; Ethiopia had the slowest seroconversion rate (Table 5) .
Discussion
Although a number of studies of meningococcal serology have been performed previously in countries of the African meningitis belt, most of these have been undertaken in the context of evaluation of the response to vaccination [7] [8] [9] [10] or in disease survivors. [19] Comparisons between the results obtained in individual studies can be difficult when standardised methods are not used. Therefore, for this comparative study, substantial efforts were made to standardise the ELISA technique used at each of the collaborating centres with support from the Vaccine Evaluation Unit at PHE, Manchester, UK. This proved more challenging than anticipated and satisfactory results were not obtained at one out of six centres prior to the end of the project. Problems encountered included the short shelf-life of some of the reagents required, difficulties in clearing reagents through customs and difficulties in shipping frozen samples to the UK for validation. However, despite these challenges, excellent results were eventually obtained at five centres using Pearson coefficient of correlation (r>0.92) and satisfactory ones using Lin's concordance coefficient of correlation, allowing adjustment of some issues which were not identified using the correlation coefficient alone. Overall, serogroup A meningococcal IgG antibody concentrations were high in the African populations investigated, with the highest GMCs being obtained in countries in the centre of the meningitis belt. This has been noted previously. [10, 11] This was the case despite the fact that there was little circulation of the serogroup A meningococcus in the African meningitis belt at the time of the study. [20] These high antibody concentrations probably reflect prior exposure to the serogroup A meningococcus and other cross-reactive bacteria such as Bacillus pumilis [5, 21] and Escherichia coli capsule types K51 or K93. [22] Similarly high serogroup A meningococcal IgG antibody concentrations have been found In industrialised countries where there is no group A disease and no evidence of carriage. For example, in England and Wales a GMC of 4.75 μg/mL was found in the general population with 87% of individuals with antibody levels 2 μg/mL, [23] an observation which supports the role for cross-reactive bacteria in inducing antibodies against the serogroup A meningococcus. None of the populations in the MenAfriCar cross-sectional surveys had been vaccinated previously with MenAfriVac™ but meningococcal vaccines containing A polysaccharide have been used quite extensively in some of the study countries in the past. Subjects were asked whether they had received a meningitis vaccine in the previous six months and if this was the case, they are likely to have been vaccinated with a vaccine containing serogroup A polysaccharide. Analyses of antibody distribution by country and by age were undertaken excluding these subjects but this had little impact on the pattern of results. However, earlier vaccination campaigns may have resulted in some persistent antibody. Prior vaccination may be the reason for the rapid seroconversion rate in the Senegalese population where a mass vaccination campaign with an A + C polysaccharide vaccine had been undertaken in 2010, about 12 months prior to the study and also for the reason why the GMC was lower in subjects over 30 years of age in Senegal than in younger subjects who would not have been targeted in the immunisation campaign. Thus, the antibody distribution seen in each country may reflect a combination of responses induced by both natural exposure and vaccination.
An Ig meningococcal serogroup A polysaccharide antibody concentration of > 2 μg/mL as measured by radioimmunoassay has been suggested as a correlate of protection against serogroup A meningococcal disease based on the results of a trial of a meningococcal polysaccharide vaccine conducted in Finland in the 1970s. [18] However, it seems unlikely that this is the case in countries of the meningitis belt where a high proportion of the population has antibody concentrations above this value and yet, until the introduction of MenAfriVac™, the region remained peculiarly susceptible to large serogroup A epidemics. It is likely that much of the antibody detected by ELISA is non-functional, perhaps because it is induced by cross-reacting bacteria. Bactericidal antibodies are the accepted correlate of protection for meningococcal disease [24] and measurement of serogroup A serum bactericidal antibodies may give a better reflection of the background level of immunity of a community. However, these are technically more difficult to perform reliably than the ELISA, and were only undertaken at two of the centres that participated in this study before and after the introduction of MenAfriVac™. These results, together with studies of the correlates of protection against invasive meningococcal disease and meningococcal pharyngeal carriage will be reported subsequently.
In this study, we have shown that serology can be used to show differences in exposure to meningococcal infection between countries and age groups and we have shown how age dependent variations in seropositivity can be used to measure the force of infection. The force of infection was generally highest in countries in the centre of the meningitis belt, with the exception of Senegal where the situation may have been confounded by vaccination, and lowest in Ethiopia on the margin of the belt. Measurement of seroconversion by age has proved to be a valuable approach to study of the epidemiology of malaria and of the impact of control interventions on this infection [25, 26] and, as shown here, is valuable for the study of other infectious diseases. Further study of antibody kinetics in the African meningitis belt is important for understanding the epidemiology of meningococcal infection and monitoring control measures including widespread deployment of conjugate vaccines. 
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